Accessibility and transportation possibilities are key factors influencing societal conditions and land use patterns in rural areas. Thus, information on the spatial patterns of accessibility and transportation can be of paramount importance in understanding regional differences in development, human livelihood and land use patterns. Analysing spatio-temporal transportation patterns is particularly challenging in areas where everyday transportation is based on unscheduled public transportation and a naturally controlled seasonal transportation network, such as rivers. Here, our aim is to provide information on the seasonal dynamics of riverine transportation and its effects on accessibility patterns in Peruvian Amazonia. We analysed riverine transportation speeds using a low-cost GPS-based riverboat observation system. Spatio-temporal accessibility patterns were generalised from the GPS-observations that were classified according to seasons into the high water season, intermediate season and low water season. We show that navigation along the rivers has a clear seasonal and directional (upstream/downstream) variation, which varies with different types of rivers based on channel morphology. In addition, we conducted interviews with local people to study their perceptions of the seasonal changes in navigation and the accuracy of transportation schedules. As the travel distances in Peruvian Amazonia are generally long, seasonal and directional differences have clear impacts on the overall accessibility patterns in the area and on the livelihoods of riverine inhabitants. Furthermore, the lack of clearly scheduled transportation causes considerable uncertainty about transportation options for local communities. The baseline information of the seasonal and directional variation of riverine transportation and travel speeds provided by our work is usable in further accessibility and livelihood analyses for Peruvian Amazonia, but it may also be useful in other areas relying on riverine transportation.
Introduction
The concept of accessibility, defined as the degree of connectivity between places (Ingram, 1971) or as a measure of potential for interaction (Hansen, 1959) , has become an increasingly important and widely used analytical tool as a means of understanding the spatial relationships between societies and the environment. Accessibility is widely recognised as being one of the key factors affecting regional economic development, land-use changes and societal conditions (Agarwal, Rahman, & Errington, 2009; Kirby et al., 2006; Laurance et al., 2001 Laurance et al., , 2002 Laurance et al., , 2012 Verburg & Ellis, & Letourneau, 2011) 
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. Transport options between rural communities and market centres is also closely related to rural livelihoods, since it influences, for instance, the abilities of rural dwellers to sell their produce in markets (Olsson, 2009; Salonen, Toivonen, Cohalan, & Coomes, 2012; Takasaki, Barham, & Coomes, 2001) , get services, such as education or healthcare (Siedner et al., 2013; Vasconcellos, 1997) , and obtain information and participate in decision-making (Reyes-García, Vadez, Arag on, Huanca, & Jagger, 2010) .
Accessibility patterns are constantly changing, both spatially and temporally. Modifications of transportation networks and service structures cause spatial changes (Abizaid, 2005; Curtis & Scheurer, 2010; Karou & Hull, 2014) , while yearly/monthly/ diurnal changes in transit schedules and people's locations cause 1 2 3 4 5 6 7 8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55 continuous temporal dynamism (Farber, Morang, & Widener, 2014; J€ arv, Ahas, & Witlox, 2014) . Temporal variation in accessibility (and in spatial mobility) is often discussed in the literature (Andrienko et al., 2010; Kvist, Gram, Cacares, & Ore, 2001; Kwan, 2013; Salonen et al., 2012) ; however, until recently, accessibility has mainly been quantified only in static spatial terms. In observed spatial mobility, the temporal dimension comes naturally as part of the concept, since the movement of an object consists of both spatial and temporal components (Andrienko, Andrienko, Pelekis, & Spaccapietra, 2008) . A vast amount of spatio-temporal data has become available with the fast development of Information and Communication Technologies (ICT) and different monitoring systems over the last two decades. Thus, extracting knowledge from GPS-based trajectories has recently gained a lot of attention in the scientific field (Dodge, Weibel, & Lautenschütz, 2008; Giannotti & Pedreschi, 2008; 2012; Willems, Van de Wetering, & Wijk, 2009) 
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. Indeed, mobility-based "observational accessibility" could provide more detailed, yet easily adaptable, concepts for spatio-temporal accessibility measures.
The transportation realities of rural areas in developing regions differ quite significantly from those of modern urban areas with tightly scheduled public transportation systems. Limited transportation options, lacking transportation infrastructures and inaccurate schedules can influence considerably livelihood possibilities and development in rural areas. In Peruvian Amazonia, the transportation realities are particularly challenging, and many of the regional differences in development, human livelihoods and land use seem to be linked to accessibility (Salonen et al., 2012; Salonen, Maeda & Toivonen, 2014; Shanley, Luz, & Swingland, 2002) . The area lacks comprehensive road infrastructure (Abizaid, 2005; Coomes, Abizaid, & Lapointe, 2009) ; the great majority of people and cargo are transported by riverboats and larger vessels (Ministerio de Transportes y Comunicaciones, 2010; Rodriguez Achung, 1994) . Travelling in the area is strongly influenced by natural forces: seasonal differences in water levels affect the ability to access different areas during changing seasons . The riverine environment in the study area is extremely dynamic by nature, as the water levels may vary more than 10 m between seasons (SEHINAV, 2014), thus, affecting significantly human activities in the area such as food production, economic use of flood plains and transportation of people and products (Abizaid, 2005; Coomes et al., 2009; Kvist & Nebel, 2001; Shanley et al., 2002) . Therefore, having sufficient understanding of the regional transportation realities and spatiotemporal accessibility patterns is critical in understanding land use patterns, livelihood options and human well-being, as well as their change, in the area.
In this paper, we demonstrate how seasonality and direction of movement affect the navigation of vessels and spatio-temporal accessibility patterns in Western Amazonia. For studying the seasonal variation of accessibility in the area, we developed a low-cost, GPS-based tracking system, which i is used to track the movements of local riverboats and record their speeds along the Amazonian rivers. We used the system to track riverboat movement in 2012 and 2013.
Even though transportation characteristics of professional (mainly maritime) vessels have been studied before (e.g., Demsar & Virrantaus, 2010; Makkonen, Salonen, & Kajander, 2013) , to our knowledge, this is the first study to include such a temporal analysis of riverine transportation in Western Amazonia. To enrich the quantitative data, we also interviewed riverboat passengers about their experiences on the accuracy of the transportation schedules and about seasonal changes in travel times, thus, making it possible to evaluate perceived accessibility based on people's own thoughts. With these data, we aim to 1) analyse the seasonal transportation characteristics of the main transportation routes in Western Amazonia and 2) understand the variation of the spatio-temporal accessibility patterns in riverine Amazonia and the factors that affect these patterns. Findings of this study can provide valuable quantitative information for the planners and decision makers of the study area about the realities of travelling in Peruvian Amazonia. Our approach could also provide better service for local riverine passengers in terms of more accurate transportation schedules for the vessels that are currently relatively inaccurate.
Study area
Our study area comprises the Loreto region and northern parts of the Ucayali region in northeastern Peru, Western Amazonia (Fig. 1) . The extensive fluvial system of the area consists of thousands of rivers that have a strong influence over the dynamisms of natural habitats, as well as on human livelihood (Abizaid, 2005; Salo et al., 1986) . Fig. 1 shows the largest rivers in the study area: the Amazon, Marañ on, Ucayali and Huallaga. The channel morphology of the rivers in the study area varies from wide anastomosing rivers with low sinuosity (e.g., the Amazon and Marañ on) to narrower meandering rivers with higher sinuosity (e.g., the Ucayali and Huallaga) Sioli, 1984; Toivonen, M€ aki, & Kalliola, 2007) .
Seasonal dynamics in Amazonian rivers are major: the difference in water levels between seasons can be over 10 m (Fig. 1) , and lateral migration rates can reach hundreds of meters per year (Abad et al., 2013; Kalliola et al., 1992) . Such seasonal changes and flood cycles of the Amazonian river system are also able to modify extensive land areas in river floodplains (Marengo, 2005; Zeng, 1999) .
Iquitos is the capital of the Loreto region with an estimated population of 422,000 in 2012 (the sixth largest city in Peru (INEI, 2012) ). It is a commercially important centre, located at the confluence of the Amazon, Nanay and Itaya rivers, approximately 100 km north of the confluence of the Ucayali and Marañ on rivers that originate from the Andes and form the Amazon River (Fig. 1) . Connections from Iquitos to coastal Peru, such as the capital of Lima, either go through airways or use a combination of river and road transport. If the latter connection is used, one needs to travel by waterway first to either Yurimaguas (in the south-western Loreto region) or to Pucallpa (the capital of the Ucayali region), as both have road connections to the rest of the country (Fig. 1 ). Along these main fluvial routes (Iquitos-Yurimaguas; Iquitos-Pucallpa), the frequency of transportation is high and the capacity of the river launches operating along these routes is typically large (Salonen et al., 2012) ; along smaller tributaries, in areas where smaller boats operate, both boat frequency and boat capacities are typically much lower.
Materials and methods

Mobility data
Studying the spatio-temporal accessibility of riverine transportation in Amazonia required developing a specific observation system of our own called Amazonian Riverboat Observation System (AROS). AROS resembles the Automatic Identification System that is used in professional maritime vessel tracking, but since such a system is not used in Peruvian Amazonia, AROS was developed. Low cost GPS-based satellite messengers (SPOT, 2014) aboard collaborating river launches were used to track the movements of the vessels and send the data via communication satellites to our database (sample rate ¼ 10 min). Five individual vessels tracked their movements continuously during 2012 and 2013, thus, forming the most important data source used in this study ( though the GPS-data is collected with separate vessels, we mainly use all of the data at the same time when presenting our results, since all of the vessels are rather similar by design and equipment and have fairly equivalent travel speeds. Tracked vessels were large launches (lanchas) that are specifically designed for navigating along rivers. They operate on long distance journeys and can carry 150e300 passengers, and 35e600 tonnes of cargo (Salonen et al., 2012) . GPS-data consist of five different attributes: vessel-id, coordinates, timestamp, Unix time, and message type (test/tracking).
Water level statistics
For studying the relation between river dynamics and vessel movement characteristics, we used statistics of daily water levels in the study area that were measured from four different measurement points along the main Amazonian rivers: Río Amazonas in Iquitos, Río Marañon in Nauta, Río Ucayali in Pucallpa and Río Huallaga in Yurimaguas (SEHINAV, 2014) . Water levels were classified into three seasonal classes following a classification used by SEHINAV: high water season (01/Marche31/May), low water season (01/Auguste31/October) and an intermediate season (01/ Junee31/July and 01/Novembere28/February).
Calculation of movement characteristics
Analysis of mobility data based on GPS-devices has gained a lot of attention in the scientific literature with different approaches and emphases (e.g., Andrienko et al., 2008 Andrienko et al., , 2010 Downs & Horner, 2012) ; thus, various techniques have been developed to analyse movement characteristics of different Moving Point Objects (Dodge et al., 2008) . Data from our GPS-devices does not include any traditional details about the movement such as travel speed or direction of movement. Thus, these characteristics were calculated with a specific algorithm 1 that was developed for statistical programme R. Since the travel speed of the collaborating vessels are fairly constant (max speed~25 km/h), and the potential navigation paths are highly constrained by the river channels, it was possible to use a simple algorithm to extract details about the movement from the GPS points. Our algorithm calculates measurable movement parameters from the data (including speed and direction of movement) and detects individual journeys. The algorithm uses a linear referencing technique to calculate the correct network distances between consecutive observations by associating each AROS observation with a known point on the river network, which is then used to determine the correct travel speed and direction of movement. Differentiating an individual journey from another is done by filtering the data based on information about direction of movement (upstream vs. downstream) and stationary time (threshold ¼ 36 h), which indicates that a vessel is staying at harbour. More details of our algorithm can be found in Tenkanen, Salonen, Lattu, and Toivonen (2014) .
Predicting the travel speed of the vessels with linear regression models
For studying how seasonal changes in water levels and direction of movement affect navigation, the following linear regression models were formed and fitted:
MODEL1: Travel speed ¼ Navigation direction þ Daily water level 2 river segment i 2 vessel j MODEL2: Travel speed ¼ Navigation direction þ Monthly average water level 2 river segment i 2 vessel j MODEL3: Travel speed ¼ Navigation direction 2 river segment i 2 vessel j MODEL4: Travel speed ¼ Daily water level 2 river segment i 2 vessel j Travel speed indicates the average travel speed that was measured along an individual river stretch, excluding possible stationary time spent at harbours. The daily water level was determined for each river segment separately, which indicates the value from the day when the vessel arrives at the destination or the day when the vessel starts navigating along another river segment. Navigation direction is either upstream or downstream, and the values were dummy-coded into binary form (0/1). When averaging the values from multiple vessels, the R 2 values were weighted by the number of observed trajectories of each vessel to make the results more robust. Calculations were done in R.
Calculation of accessibility isochrones
There are various ways to define and measure accessibility; however, in this study, we focus on the transportation and temporal components, as defined by Geurs and van Wee (2004) . We define accessibility as the degree to which two places on the same surface are connected (Ingram, 1971) , and we measure accessibility as time distance between places. Quantifying accessibility using time as a unit of distance is particularly important in riverine environments, such as in Peruvian Amazonia, where straight-line Euclidian distances differ considerably compared to network distances (Salonen et al., 2012) , and the changing water levels of rivers causes continuous variation in travel time distances between seasons.
Generalising the seasonal movement characteristics into a spatio-temporal context was done by calculating accessibility isochrones that show how far it is possible to reach within certain temporal constraints along a specific navigation route from selected cities when travelling upstream or downstream. The chosen time constraints are six and 12 h, and the selected cities are Requena and Lagunas. Results are based on movement characteristics only (i.e., stationary time spent at the harbours is omitted).
Network distance from the selected city was calculated based on seasonal average travel speed information on upstream/downstream within specific time constraints (6/12 h) with the following formula: (Travel speed 2 season 2 direction)*time. Results are presented as average accessibility, measured as travel time based on AROS observations from 2012 to 2013. Annual variation is presented as bars under the dashed accessibility isochrones.
Interviews
Whereas our previous approaches are focusing on quantifying the movement characteristics based on GPS-measurements, we also wanted to ask people about their own conceptions of the realities of travelling in the study area. After all, they are the ones who are affected the most by the varying transportation schedules. We surveyed passengers (n ¼ 74) on-board collaborating vessels during a fieldwork period in October 2012. In the surveys, the interviewees were asked about their travel experiences, focusing especially on their conception about seasonal and directional variation of travel times of the trips that they usually take and the accuracy of schedules of the vessels. They were also asked to estimate the travel times of the trips to/from their home location to specific wellknown locations during high and low water. These estimations were used to calculate seasonal and directional variation in travel times based on passengers' estimates. In addition, we asked foe details about their current trip, including information about the origin and destination harbours, as well as background information about the respondent's age, sex and their place of residence. Fiftyseven per cent of the respondents were male, with an average age of 43 years; forty-three per cent were female, with an average age of 34 years. Thirty-two per cent of the respondents were living in larger cities (>50,000 residents), while 68% were living in mediumsized or small rural communities.
Results
Measured movement characteristics
Seasonal movement characteristics of vessels operating along individual rivers are shown in Table 2 . Reported travel speeds indicate the average travel speed of upstream or downstream journeys based on N number of tracked trajectories along an individual river. Travel speeds ranged between 13.4 and 18.0 km/h downstream and 10.6e15.2 km/h upstream during the entire study period. Highest travel speeds were recorded along the Amazon proper when navigating downstream during high water in 2013. Lowest speeds, in turn, were recorded when traveling upstream on the Marañ on River during low water in 2012. The standard deviation of travel speeds demonstrates the stability of navigation along the rivers. Travel speeds were most stable along the Huallaga River with lowest overall variance, and most unstable along the Amazon River with highest variance in travel speeds. Regarding season, the variance of average travel speed was highest during low water and lowest during high water. It was, in total, approximately 8% faster to navigate along the rivers in 2013 compared to 2012.
Comparing the travel speeds along anastomosing rivers (the Amazon, Marañ on) to meandering rivers (the Ucayali, Huallaga) shows that there is some evidence of river morphology affecting navigation; for instance, navigation along the Ucayali was generally slower than along the Amazon River. However, there is no clear trend visible in the data that would indisputably confirm this finding since there is significant seasonal, annual and river-wise variation in the results.
There are clear differences in travel speeds to different navigation directions and between different seasons (Table 3). Results 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 show that seasonal differences in travel speeds were highest between high and low water. The highest seasonal difference along an individual river was downstream the Ucayali in 2012 when it was 28% faster to navigate during high water compared to low water (8 h difference over 500 km). Comparing the values of anastomosing rivers (the Amazon, Marañ on) to meandering rivers (the Ucayali, Huallaga) shows that the seasonal differences in travel speed are greater along meandering rivers (max ¼ 9% higher).
Directional differences in navigation were highest along the Marañ on River (mean ¼ 38%) and lowest along the Huallaga River (mean ¼ 18%). Overall, it was 26% faster to navigate downstream than upstream. Fig. 2 shows the average travel speeds and travel times of all individual trips along two different routes and daily water levels of the dominant river along routes in 2012 and 2013. Route 1 (length: 1120 km) goes between Iquitos and Pucallpa along the Amazon and Ucayali rivers, and Route 2 (length: 680 km) goes between Iquitos and Yurimaguas along the Amazon, Marañ on and Huallaga rivers. Route 1 consists of trips travelled by three individual vessels, while, on Route 2, there were two operating vessels that were tracked. Results show that, on Route 1, travel speeds were generally highest between February and April, and on Route 2, they were highest between March and May when travelling downstream (average velocity~18 km/h). Thus, a downstream trip on Route 1 (from Pucallpa to Iquitos) would take approximately 62 h (2.6 days), and a downstream trip on Route 2 (from Yurimaguas to Iquitos) would take 38 h (1.6 days) during those months. Slowest travel speeds were observed during September on both routes when it would take approximately 100 h (4.2 days) downstream on Route 1 (~11 km/h), and 60 h (2.5 days) upstream on Route 2 (~11 km/h). The highest seasonal difference for navigating a route in the same direction was approximately 43 h on Route 1, and 19 h on Route 2, which were both observed when travelling downstream in 2013.
Measured navigation characteristics
Explanatory variables of travel speed in the riverine environment
The comparison between travel speeds and daily water levels reveals that water level affects navigation, especially when travelling downstream, since there are visible changes in travel speeds in a similar manner, as in water levels (Fig. 2) . On the contrary, when travelling upstream, the travel speeds are relatively constant throughout the year, indicating that varying water levels have less of an impact on upstream navigation and overall travel times. The connections between downstream travel speeds and water levels are clearly visible, especially along Route 1 in 2012 and along Route 2 in 2013. Calculating correlations (see Fig. 2 ) between the average travel speed of an individual journey and the corresponding water level support these observations: correlations were 0.86 on Route 1 and 0.66 on Route 2.
A more detailed assessment of how much of the variation in travel speed can be explained by different factors was done with a linear regression model. The results from the linear regression model (Table 4) show that, on average, 60% of the variation in travel speed can be explained by daily water level information and navigation direction (Model 1). The explanatory power of these two factors was highest along the Marañ on River in 2013, where approximately 82% of the variation could be explained, and was lowest along the Amazon River during the same year (42%). On average, 50e55% of the travel speed could be explained by knowing only the direction of navigation. Information on the daily water Table 2 Seasonal and directional movement characteristics along individual rivers in 2012 and 2013. River 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 level explains approximately 22e42% of the variation in downstream navigation (max ¼ 74%), and 5e10% of the variation in upstream navigation (max ¼ 27%). Thus, the combined use of navigation direction and water level statistics produces the best results when trying to predict the seasonal travel speed of vessels. See Supplement I for more details on other tested models.
Spatio-temporal examination of accessibility in Peruvian Amazonia
Fig . 3 illustrates the previous results in a geographical context and shows how far it is possible to travel within specific temporal constraints (6/12 h) along the navigation route from the selected 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64Table 4 Results from the linear regression model for individual rivers in 2012 and 2013 where travel speed is explained by daily water levels and navigation direction. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65  66   67  68  69  70  71  72  73  74  75  76  77  78  79  80  81  82  83  84  85  86  87  88  89  90  91  92  93  94  95  96  97  98  99  100  101  102  103  104  105  106  107  108  109  110  111  112  113  114  115  116  117  118  119  120  121  122  123  124  125  126  127  128  129  130 JAPG1402_proof ■ 9 July 2015 ■ 7/10
Please cite this article in press as: Tenkanen, H., et al., Seasonal fluctuation of riverine navigation and accessibility in Western Amazonia: An analysis combining a cost-efficient GPS-based observation system and interviews, Applied Geography (2015), http://dx.doi.org/10.1016/ j.apgeog.2015.07.003 cities when travelling upstream or downstream (i.e., accessibility). Route 1 in Fig. 3 represents the accessibility from the city of Requena, which is located 244 km upstream from the city of Iquitos, and Route 2 shows the accessibility from the city of Lagunas, which is located 183 km downstream from Yurimaguas. The directional differences are clearly visible in the maps, as navigating downstream reaches 196 km at best on Route 1, while navigating upstream reaches only 169 km within 12 h (200 km vs. 161 km on Route 2). Results show that it is almost possible to reach Iquitos in 12 h from Requena (Route 1) during high water and the intermediate season, as the remaining distance was 48 km (3 h of travel), while during low water, the remaining distance and time are higher (90 km,~13 h of travel). When travelling upstream, the situation is reversed; travelling is fastest during low water and slowest during high water when the current of the river is strongest. On Route 2, however, it was fastest to navigate both upstream and downstream during high water and slowest during low water. The annual variation was generally highest during high water on both routes and lowest during low water (Route 1) or the intermediate season (Route 2).
Interview results: perceived movement and navigation characteristics
Interviews were used to understand the implications of navigation speeds on passengers travelling the routes. Eighty-one per cent of the respondents indicated the months from July to September as being the slowest navigation months on Route 1; however, on Route 2, the proportion was 79% (same months). On the contrary, the respondents thought that navigation was typically faster from OctobereApril on both routes with a relatively even distribution of answers associated with each month (~14%). Answers related to the directional differences in travel speeds indicate that, according to the respondents, downstream navigation is, on average, 15e23% (low water -high water) faster when compared to upstream navigation on Route 1, and 30e42 % faster on Route 2. When asked about seasonal differences, approximately 65% thought that there were seasonal differences; they estimated that navigation was approximately 79% (upstream) to 87% (downstream) faster during high water when compared to low water navigation (median ¼ 50% faster for both directions). When asked about the accuracy of vessel departure times, the majority of respondents thought that the schedules were "Quite inaccurate" (55% on Route 1, 38% on Route 2). However, when asked about the importance of more accurately knowing the passing/departure schedules of the vessels, 92% and 76% of the respondents thought that it would be critically important on Route 1 and Route 2, respectively.
Remarks on the validity of the results
By looking at the temporal distribution of the tracked journeys in Fig. 2 , it can be seen that the vessels have been moving regularly throughout 2012, i.e. having at least one travelled journey that was tracked per month/direction. In 2013, however, there are obvious gaps in the data, especially on Route 1 between June and September, which affects the representativeness of the results on Route 1 in 2013, and should be kept in mind when evaluating the results. The trajectory quality indicator (white line within red) (in the web version) shows that the values of individual journeys are fairly representative, since the percentage of tracked journeys (total route length) are clearly over 50%, and, in most cases, the trackedjourney percentage is higher than 90%, which indicates good representativeness.
Discussion
Dynamic realities
Our results confirm that accessibility in riverine environments is strongly affected by navigation direction (upstream vs. downstream navigation) and by seasonal variation in the water level of the rivers. The influence of these factors has been discussed before (Abad et al., 2013; Chibnik, 1994; ; however, with the GPS-based mobility data, we were able to quantify and illustrate the rate of influence and explanatory power of seasonality and directionality on navigation and accessibility patterns.
Comparison of our result with information from existing literature, earlier measurements and local people (interviews) shows that our results are, broadly speaking, consistent with the previous findings, but we are able to quantify the temporal changes in more detail. evaluated travel times from different Amazonian communities to Iquitos using the same navigation paths as in this study. Comparing these estimated travel times to our results shows that, on shorter distances (from Iquitos), the previous estimates correspond extremely well to the results of the current study. In some cases, however, there were differences that were probably caused by two factors: 1) our results excluded the stationary time that is spent on harbours and, therefore, underestimated the total travel time, and 2) the estimated travel times by may have been overestimated because it is difficult to estimate travel times in a highly dynamic riverine environment due to high seasonal variation (as our results show) and even possible changes (such as cut-offs) in the navigation paths (Abizaid, 2005; Coomes et al., 2009 ). Comparing the current results to our earlier GPS-measurements (see Salonen et al., 2012) shows that the results are consistent with the earlier ones: travel time from, e.g. Requena to Iquitos, corresponds exactly to the two-year average time-distance (15 h) during the same period (high water).
Local passengers are the most affected by the changing realities of transportation in the area. Comparing the GPS-based results to the information obtained from the local passengers e which essentially reveals people's perceptions of accessibility (see, e.g., Sanchez et al., 2000) e shows some interesting findings. Interviewees mostly agreed that there are seasonal and directional changes in travel times; however, when estimating the level of seasonal/directional variation in navigation, there were similarities, but also some essential differences, when compared to the GPSmeasured values. Respondents estimated that downstream navigation was approximately 28% faster compared to upstream navigation, which corresponds extremely well to the results of our GPSmeasurements (two-year average: 26% faster) e this is also an excellent example of how crowd wisdom can produce accurate estimates about a phenomenon (Christanakis & Fowler, 2009; Galton, 1907; Pentland, 2014) . In contrast, there were significant differences between passengers' estimations and the measured values when comparing the seasonal differences in navigation. Respondents estimated that travelling would take approximately 80% more time during the low water season compared to the high water season in both directions. However, the measured values indicate that seasonal differences are generally much lower (less than 30%); moreover, when navigation direction changes (to upstream), it might even be faster to travel during the low water season when the current of the river is weak. Overall, it is possible to relate some findings to perceived accessibility from our study: estimating travel times is relatively easy with fairly recent memories producing quite accurate estimations (as in directional difference estimation), but is more difficult when using distant memories such as trying to estimate travel time of a trip that happened six months ago . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 
Applicability of the results in a wider context
Our regression models support the idea that seasonal riverine transportation characteristics could be modelled by knowing the navigation direction and monthly average water levels of individual rivers. Thus, it could be possible to develop a universal model for estimating the navigation characteristics along different types of rivers while also taking into account seasonal variability. Creating such a universally applicable model would, of course, need more thorough research on different aspects affecting navigation (such as sinuosity and depth of rivers, estimated stationary times and design, size and equipment of the vessels, etc.), and also more detailed GPS-observations with higher sample rates than was available in our study case.
Our results e either treated as specific to the study area or extrapolated over larger areas e help us to better understand how riverine transportation functions along the dynamic river networks. The results could be useful for researchers as well as decision makers and planners responsible for the development of riverine transportation infrastructures. Quantification of average travel times, along with standard deviations, could, for instance, provide the foundation for a clearer transport schedule for the area (which was also desired by the local passengers), supporting the development of riverine transportation. Developing riverine transportation is a topical issue, given that the pressure in the next 30 years to build new roads is extremely high, and most are expected to be built in developing countries such as the ones covering Amazonia (Laurance et al., 2014) . As opening new road connections is generally considered devastating in Amazonia, promoting the use of river transportation could be seen as a better option when compared to road building, since the former limits the human environmental impact by stopping only at specific places (Laurance, Goosem, & Laurance, 2009 ). Improvements to river transportation offer possibly the least destructive alternative for enhancing the connectivity between South American areas: the waterways are naturally creating the transportation network through the densely forested areas. The development of such riverine transportation is also one of the key targets in (the much debated) IIRSA 2 that aims at improving the physical links and transportation infrastructure among the South American countries via highways, hydrovias (waterways) and energy projects (Killeen, 2007) . The results of this study could also provide more accurate data for modelling land use/land cover changes (such as deforestation, see and socioeeconomic interactions, both of which are inherently strongly affected by the seasonality of the riverine transport environment (Perz et al., 2013; Soler, Escada, & Verburg, 2009; Verburg, Overmars, & Witte, 2004) . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65  66 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39 
